Abstract-The muon-to-electron conversion experiment (Mu2e) at Fermilab is designed to explore charged lepton flavor violation. It is composed of three large superconducting solenoids: the production solenoid, the transport solenoid (TS), and the detector solenoid. The TS is formed by two magnets: TS upstream and TS downstream. Each has its own cryostat and power supply. Tolerance sensitivity studies of the position and angular alignment of each coil in this magnet system were performed in the past with the objective to demonstrate that the magnet design meets all the field requirements. The alignment of the cold masses is critical to maximize the transmission of muons and to avoid possible backgrounds that would reduce the sensitivity of the experiment. Each TS magnet cold mass can be individually aligned. In this paper, we discuss the implications of the alignment of the TS cold masses in terms of the displacement of the magnetic center. Consideration of the practical mechanical limits is also presented.
I. INTRODUCTION
T HE Mu2e experiment [1] proposes to measure the ratio of the rate of neutrino-less coherent conversion of muons into electrons in the field of a nucleus, relative to the rate of ordinary muon capture on the nucleus. The conversion process is an example of charged lepton flavor violation, a process that has never been observed experimentally. The conversion of a muon to an electron in the field of a nucleus occurs coherently, resulting in a mono-energetic electron (105 MeV, slightly below the muon rest energy) that recoils from the nucleus.
The Mu2e magnet system can be seen in Fig. 1 . It is primarily formed by three large solenoid systems: the Production Solenoid (PS) [2] , the Transport Solenoid (TS) [3] and the Detector Solenoid (DS) [4] . The TS is divided into two sub-systems: TSu and TSd, each with its own cryostat, power supplies and support system. The main objective of the TS is to transport the beam from the production target in PS to the stopping target in DS. The beam will drift vertically in the curved sections. Negative particles will drift upwards and positive particles will drift downwards. The drift is also proportional to the momentum of the particles. The charge and momentum selection is made by an asymmetric collimator placed in the straight section between the TSu and TSd. The TS is formed by 52 superconducting solenoid coils. The mechanical tolerances of the individual coils were studied from the magnetic requirements point of view [5] as well as the beam dependence on the magnetic center [6] . The magnetic design is very robust, even when large mechanical errors are present.
The alignment of the TS with respect to the adjacent magnets is particularly challenging given its unique geometry. In this paper, we investigate the tolerances for the alignment taking into consideration the transmission of the particles (muons and pions).
II. TS MECHANICS
Each of the TS cold-masses are supported in the cryostat using 17 supports: 3 gravity supports, 3 pairs of radial supports and 4 longitudinal supports on each end. The supports for the TSu cold-mass can be seen in Fig. 2 .
The initial mechanical alignment of the each of the TS coldmasses is done during the cryostat assembly when the survey monuments located at the cold mass ends are still visible.
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See http://www.ieee.org/publications standards/publications/rights/index.html for more information. The displacements of the cold-mass during the cool-down is shown in Fig. 3 . Given the non-negligible displacements -11 and 14 mm in the radial and longitudinal direction respectively -the magnet is assembled at room temperature with the cold mass displaced so that it will be in the correct position relative to the cryostat after cooldown. The allowable tolerance of this alignment is driven by the requirements of particle transmission through the TS.
III. ALIGNMENT STUDIES

A. Single Low momentum particle simulations
The changes in the magnetic center of such a complex magnet system can be determined by tracking a single low-momentum charged particle (SLMCP) [6] . This technique has been used before to determine the alignment tolerances of individual coils. In this paper we apply the same technique for each of the TS magnets (TSu and TSd).
As discussed in [6] , the displacements of the beam are mainly caused by rotations of the coils, as opposed to translations of those objects. Each magnet can assume 6 different rotations: roll, pitch and yaw (positive and negative) about its center, plus the nominal angle (no extra rotation to the system). Therefore the total number of different combinations are 48 (plus one for the nominal state) assuming that each magnet will have only one type of rotation at time.
The SLMCP simulations were carried out assuming, initially, a rotation of 0.15 degrees. This value is equivalent to a maximum displacement of the furthest coil of about 10 mm. Fig. 4 shows the horizontal and vertical differences of the track of a SLMCP when the magnets assume different rotations with respect to the nominal track. In the same plots, the worst cases are highlighted. At the end of the TS, the maximum deviation with respect to the nominal is about 10 mm.
The simulations were performed again using a maximum rotation of 0.5 o (equivalent to a maximum displacement of 34 mm at the furthest coil). The worst case scenarios did not change from the first set of simulations, though all amplitudes were larger. Table I identifies the axis and the direction of the rotation in each magnet for these worst case scenarios.
B. Physics simulation
The SLMCP uses only one particle so it provides a quick, yet accurate, understanding of the behavior of the beam center. For a more realistic simulation, thousands of particles need to be tracked with other physical processes accounted for, such as multiple scattering, particle decays, etc. Geant4 [7] is a physics simulation toolkit for the tracking of particles through matter. This package includes several capabilities such as the definition of the geometry with different materials and a number of comprehensive physical processes. One of the features of this software is the option of importing field maps that were generated as the result of a simulation or a magnetic measurement.
Using the results of the simulations performed in the previous section, we produced complete sets of field maps for case #49 with the rotation amplitudes 0.15 and 0.5 degrees and for the coils in the nominal position. These maps were imported into Geant4 and more complex simulations were performed.
The geometry set in Geant4 includes all the collimators located in the TS bore [1] as indicated in Fig. 5 . The collimators are installed in the inner bore of the cryostat. It is assumed that the collimators are in the same fixed position in all the simulations and only the cold mass is being rotated.
The results of the horizontal and vertical muon beam distribution at the entrance of the last collimator (COL5) are presented in Fig. 6 . The shift of the beam relative to the nominal case computed by Geant4 cannot be directly compared to the SLMCP simulations. This comes from the fact that the particle beam gets re-centered every time it goes through a collimator. Table II shows the percentage of transmitted beam (muon yield) in each collimator in the three different scenarios analyzed. The maximum difference in transmission, when compared to the coils at the nominal position, is 4 % when the cold-masses are rotated by 0.5 degrees. However, when comparing just the final transmission numbers the difference is only 1 % in the same scenario. This important result indicates that relatively large variations of the position of the cold mass do not impact the physics performance of the experiment in terms of muon yield. In general terms, deviations of the magnetic center of 10 mm do not present operational problems when collimators are present.
The cold-mass supports are designed to withstand the forces when the cold-mass is at its nominal position plus the additional centering forces caused by misalignments of up to 10 mm. These supports are designed to allow adjustments of up to ± 10 mm, even when the magnet is cold.
IV. DEFORMATIONS
A. Sag
The TS cold-mass hangs from 3 vertical supports -shown in Fig. 2 -during the cryostat assembly. Each support can be individually adjusted to level the cold-mass. It is conceivable that the middle of the cold mass may be slightly lower than the ends, due to weight. Fig. 7 shows this sag effect on both the TS cold-masses (highly exaggerated for clarity).
Once again we employ the use of the SLMCP technique. We assumed three different values for the sagging of the middle portion of the magnets with respect to their ends − 5, 10 and 15 mm. This study only impacts the vertical displacements. The results can be observed in Fig. 8 . The results show that the maximum displacement is equal to the value of the sag. However, the impact of these displacements in the regions of the collimators -S = 0 and +8 m in the same figure -is less Fig. 7 . Sag of the TS cold-masses. The displayed effect is highly exaggerated for clarity. than 5 mm in the worst case, which means that even for a sag of 15 mm, the impact on the experiment would be negligible.
B. Accumulation of assembly tolerances
The TS is formed using coil modules similar to the prototype described in [8, 9] . The alignment between consecutive coil modules is done by built-in mechanical alignment features that guarantee a precision better than 0.02 degree for the alignment. This means that the nominal 90 degrees bend for each TS magnet could be slightly off as shown in Fig. 9 (highly exaggerated for clarity).
In order to correct for the stack up of manufacturing and assembly tolerances on the coil modules, each cold-mass features two removable disks. These disks -indicated by arrows in Fig. 10 -after the assembly and alignment survey of the coldmass, could be precisely machined to correct the total angle.
We assumed a variation of the total angle of ± 1 o -meaning the total angle is between 89 and 91 degrees. This assumption is very conservative, since the maximum deviation expected from the manufacturing tolerances is about a third of this value.
SLMCP simulations were carried out and the results are shown in Fig. 11 . In the same figure we also present the impact of the corrections provided by the disks of Fig. 10 .
The results indicate that for 1 degree deviation of the nominal total angle of the cold-mass, the beam center would deviate about 5 mm only in the collimator regions. The results also show that the disks can, indeed, reduce the beam displacement to zero in the same regions. When we compare these results with the ones in section III, we see that even the presence of errors larger than expected will not have a detrimental effect on the experiment. Moreover, given the expected assembly tolerances, a secondary correction using the disk is not expected to be necessary, which considerably simplifies the tooling necessary for the overall assembly of the cold-mass.
V. CONCLUSION
The alignment of the TS will be initially measured by laser tracker while the ends of the cold-mass are still visible. Once the cryostat is finalized and the cold-mass is no longer accessible, the alignment will be done using hall-probes located in the inner bore of the cryostat.
The results presented in this paper show that the magnetic design is very robust concerning mechanical tolerances during the assembly and operation of the magnet.
Typically, deviations of 10 mm in the beam center will present no operational problem since the support rods for the cold-mass are designed to provide a ± 10 mm adjustment.
Other assembly errors like the sag of the cold mass and the total angle of the cold-mass will also present no operational problems, even when the errors are considerably larger than expected.
